Abstract: Remnant forests in urban areas provide vital ecosystem services but are susceptible to many human activities including heavy metal emissions. In this study, we collected 192 samples of mineral soils at depths of 0-3, 3-13 and 13-23 cm in 16 remnant forests (eight natural forests and eight plantation forests) in the urbanized Pearl River Delta, China. We assessed the potential risks of soil Cu, Zn, Pb, Mn, Ni and Cr to the vegetation in these forests based on their total and 0.1 M HCl extractable concentrations. The mean concentrations for all soil samples were 202.7, 102.0, 75.7, 24.3, 30.3, and 7.8 mg/kg for Zn, Mn, Pb, Cu, Cr, and Ni, respectively. Compared to background values, total soil Zn concentrations were higher for both the natural and plantation forests located near both industrial and non-industrial sites; total soil Cu and Pb concentrations were higher near industrial sites, particularly for the natural forests. Total soil Pb, Cu, and Mn concentrations and exchangeable soil Pb and Mn concentrations were higher in the natural forests than in the plantation forests. Total soil Cu and Pb concentrations and extractable soil Cu, Pb, Zn,
Introduction
Remnants of forest ecosystems occur in urban areas around the world [1, 2] . Although forest remnants are typically small patches, they can provide important ecological services that improve human well-being in urban areas. They can, for example, improve urban air quality, ameliorate the heat island effect, preserve biodiversity, and provide wood products, recreational venues, and landscape aesthetics [1] [2] [3] [4] . For these reasons, multidisciplinary studies have increasingly focused on the sustainability and conservation of these forests [1] [2] [3] 5, 6] .
Relative to natural forests in rural areas, remnant forests in urban areas are typically more influenced by human activities, such as the building of houses and roads, recreation, and emissions of SO x , NO x , and particulate matters [2, 7, 8] . Of these activities, the emissions of pollutants are likely to influence forest ecosystems at a large spatial scale in urban and rural areas because of atmospheric transport [9] [10] [11] . The particulate matters emitted from industries and as a consequence of urban heating and other human activities usually contain high levels of heavy metals such as Pb and Zn [7, 8, 12] . A long-term continuous emission of particulate matters may result in the deposition of a significant amount of heavy metals in forest ecosystems, which may reduce biomass production, litter decomposition, and other ecosystem functions, especially in urban areas [9, 13, 14] .
The Pearl River Delta (PRD) in southern China ( Figure 1 ) has an area of 41,600 km 2 and had a population of over 56 million in 2010 [15] . The PRD has contributed greatly to the rapid economic development of China and is now the economic center of southern China. With rapid urbanization and industrialization, however, large areas of natural lands in the PRD have been converted into farmlands or urban areas [16, 17] . At the same time, various harmful substances, including acid precursors and heavy metals, have been emitted into the environment [7, 17, 18] and have increasingly impacted the remnant forests in this area [19] [20] [21] . Previous studies reported that heavy metals in forest soils were generally higher in the urbanized (or industrialized) areas than in the rural (or non-industrialized) areas of the PRD [20, 22] . However, it is still unclear how heavy metals in soils of remnant forests in the PRD and in other urbanized areas vary with site location, forest type, and soil depth.
In this study, we determined the total and 0.1 M HCl extractable concentrations of Cu, Zn, Pb, Mn, Ni, and Cr in mineral soils (0-3, 3-13, and 13-23 cm depths) in 16 patches of remnant forests (eight natural forests and eight plantation forests) in the PRD, China. Our purposes were: (1) to compare the distribution of heavy metals in soils of the remnant forests in industrial vs. non-industrial locations, in natural forests vs. plantation forests, and at three soil depths; and (2) to assess the potential risks and possible sources of these heavy metals in the studied forests. 
Materials and Methods

Site Description
This study was carried out in Foshan (22°38′-23°34′ N, 112°22′-113°23′ E), which is centrally located in the PRD of Guangdong Province (Figure 1 ). Foshan was one of the first three wholly urbanized, prefectural-level cities in China [23] . This region is characterized by a typical subtropical monsoon climate, with annual precipitation ranging from 1600 to 2000 mm and annual temperature ranging from 20 to 25 °C [17] . The forest soils are mainly Ferralsols [24] , which developed from granite and sand shales.
Other than several large natural reserves in the suburban areas, remnant natural forests and remnant plantation forests are the major kinds of forest sites in the urban and suburban areas of the PRD [5, 25] , Remnant natural forests in the study area are also called -Fengshui Forests‖ or -Fengshui Woods‖ [3, 25] and have been conserved as cultural heritage sites over the past several hundred years because of their socio-cultural significance for the indigenous people [26] . These forests are mainly near villages or graveyards and are generally dominated by native broadleaved evergreen species with community characteristics similar to those of regional climax forests [3, 25] . Plantation forests with two rotations of reforestation are another major type of forests that remain in the area [25] . The first rotation was planted with Masson pine trees and/or eucalyptus species during the 1970-1980s, after the natural forests were harvested in 1950s. The second rotation was planted with native broadleaved tree species that corresponded to the tree species and community composition of the remnant natural forests after timber harvest of the Masson pine and/or Eucalyptus stands during 1997-2003 [25] .
Eight patches of remnant natural forest and eight patches of remnant plantation forests in Foshan, China, were randomly selected ( Figure 1 ). Site characteristics of the 16 remnant forest patches are shown in Table 1 . Each site was categorized as an industrial or non-industrial location, according to the percentage of the local town's gross domestic product represented by gross industrial production (industrial towns, >60%; non-industrial towns, ≤60%) [17, 27] . Because more remnant plantation forests in Foshan are located in industrial rather than in non-industrial locations, a simple random selection of eight remnant plantation forests resulted in six remnant plantation forests at industrial locations and two at non-industrial locations.
Sampling and Analysis
All soils were sampled during December 2008-January 2009. At each site, four sample locations that were >50 m apart were randomly selected. These areas lacked visible disturbance of vegetation, forest floor, or vertical soil profile. At each sample area, a soil pit of ~30 cm depth was excavated. After the litter and fermentation layers (usually 1-3 cm thickness) were removed, the mineral soil adjacent to the pit was collected at 0-3 cm, 3-13 cm, and 13-23 cm depths with a small stainless steel shovel. A 0-3 cm layer of mineral soil was separated because there was a color change at ~3 cm depth in the mineral soils at the 16 sites; this 0-3 cm layer may be defined as the Ah horizon according to the Canadian system of soil classification [28] . The 192 soil samples (16 sites × four areas within each site × three soil depths) were kept separate for analysis. After roots and stones had been removed, each sample was air-dried and then ground with a wooden stick until 100% of it passed through a 2-mm non-metal mesh. After the sample was mixed, a subsample (about 10 g) was oven-dried at 105 °C for 24 h, and a dry weight conversion was computed. Another subsample (about 30 g) was ground in an agate crucible until 100% of it passed through a 0.15-mm non-metal mesh; this sample was stored in a clean plastic bottle for the determination of total heavy metal concentrations. The remainder of the sample (>50 g) was stored in another clean plastic bottle for the determination of extractable heavy metal concentrations.
Total concentrations of heavy metals (Cu, Zn, Mn, Pb, Cr, and Ni) in soils were determined using an acid digestion method at atmospheric pressure [29, 30] . Extractable concentrations of heavy metals in soils were determined using an acid extraction method [29] . A 10.00-g quantity of air-dried soil was placed in an acid-cleaned 150-mL Erlenmeyer flask, and 50 ml of 0.1 M analytical grade HCl was added. The flask was sealed with a rubber stopper and then shaken for 1.5 h at room temperature on a horizontal shaker (150 rpm) [29] . The mixture was filtered, and the concentrations of heavy metals in the solution were determined by ICP/AES (Optima 2000, Norwalk, CT, USA). Data quality was controlled by the use of national standard reference material (ESS-3) supplied by China National Environmental Monitoring Center. The results met the accuracy demand of Technical Specification for Soil Environmental Monitoring HJ/T 166-2004 [29] . The quantity of extractable heavy metal was expressed as a concentration (mg/kg) and as a percentage of the total heavy metal concentration. All results were expressed on an oven-dried mass. 
Data Analyses
A three-way ANOVA (location × forest type × soil depth) using log-transformed data was carried out to determine the statistical significance of location type, forest type, soil depth, and their interactions. Significant interactions were assessed with one-way ANOVAs using Tamhane's post hoc test. The values obtained in the current study were compared to -background‖ values, which were published by the China National Environmental Monitoring Centre [31] ; the samples (n = 167) used to obtain the background values were generally collected at 20 cm depth (the A horizon) in Guangdong Province and were collected and processed using the same general procedures as used in the current study. Correlations between soil heavy metal concentrations were investigated using Spearman rank test. Principal component analysis (PCA) was performed using the rotation method of Varimax with Kaiser Normalization, which allows identification of groups of metals with similar behaviors and common origins [14] . All analyses were performed using SPSS (version 16.0 for Windows, IBM, Chicago, IL, USA).
Results
General Characteristics of Soil Heavy Metal Concentrations
Both the total and extractable concentrations of the six heavy metals varied greatly among the 192 soil samples. The coefficients of variation were larger for the extractable concentrations than for the total concentrations and were higher for Zn, Mn, and Pb than for Cu, Ni, and Cr ( Table 2 ). The mean total soil concentrations of Zn, Pb, and Cu were 4.3-, 2.1-, and 1.4-times greater, respectively, than their background values, while the mean total concentrations for Cr, Ni, and Mn were lower than their background values (Table 2) . Although the mean total Mn concentration in soil was lower than its background value, the upper limit was six times higher (Table 2) . Therefore, our further analyses focused on Zn, Pb, Cu, and Mn concentrations in soil.
Comparison between Location Types and Forest Types and among Soil Depths
Total soil Cu, Mn, and Pb concentrations and extractable soil Cu, Zn, Mn, and Pb concentrations were all significantly higher in the industrial locations than in the non-industrial locations, while the trend for total soil Zn concentration was the opposite (Tables 3 and 4) . Total soil Cu, Mn, and Pb concentrations and extractable soil Mn and Pb concentrations were significantly lower in the plantation forests than in the natural forests (Tables 3 and 4 ). In contrast, extractable soil Cu and Zn concentrations were significantly higher in the plantation forests than in the natural forests (Tables 3 and 4) , probably because more plantation forests than natural forests were in industrial locations (Table 4) . For all soils, total soil Cu and Pb concentrations and extractable soil Cu, Pb, Zn, and Mn concentrations significantly decreased with soil depth (Tables 3 and 4) .
For total soil Pb concentration and extractable soil Mn concentration, interactions between location type and forest type were significant because values were relatively higher in the industrial locations than in the non-industrial locations particularly for the natural forests (Table 3 and Figure 2 ). For total and extractable soil Cu concentrations, interactions between location type and soil depth were significant because values were relatively higher in the industrial locations than in the non-industrial locations particularly for the upper layer of soil (Table 3 and Figure 3 ). [31] . Soil total Pb (a) and extractable Mn (b) concentrations were relatively higher in the industrial locations than in the non-industrial locations particularly for the natural forests. Total soil Cu and Pb concentrations were greater than the background concentrations in the industrial locations but were similar to the background concentrations in the non-industrial locations (Table 4) . Total soil Zn concentration was markedly higher than the background concentration for all soil depths, both forest types, and both location types ( Table 4 ). The mean total soil Mn concentration was much lower than its background value for both location types and forest types except for the natural forests in the industrial locations where the mean total soil Mn concentration was similar to the background concentration (Table 4) .
The concentration of each extractable heavy metal expressed as a percentage of the total concentration of heavy metals and across all soils was highest for Pb (mean 28.1%) and Cu (25.8%); was intermediate for Mn (10.3%), Ni (7.8%), and Zn (5.8%); and was lowest for Cr (1.0%) ( Table 5 ). The percentages of extractable Zn, Mn, Pb, and Ni were significantly higher in the industrial than in the non-industrial locations (Table 5) . 
Correlations and PCA Analysis
Total soil Cu, Zn, and Mn concentrations were positively correlated with each other but the relationships were weak (r = 0.18-0.33, p < 0.05; Table 6 ). Extractable soil Cu, Zn, Mn, Pb, and Ni concentrations were positively correlated with each other (r = 0.32-0.71, p < 0.05; Table 6 ). Positive correlations were also evident between the total and the extractable soil concentrations for Cu (r = 0.32, p < 0.05), Mn (r = 0.47, p < 0.05), and Pb (r = 0.64, p < 0.05). According to PCA analysis, PC1 explained 32.5% of the total variation and was occupied by total soil Cu, Pb, and Mn concentrations and extractable soil Mn and Pb concentrations ( Figure 4) ; PC2 explained 18.3% of the total variation and was occupied by extractable soil Zn and Cu concentrations (Figure 4 ). 
Discussion
Potential Risks of Heavy Metals in the Soils at Industrial and non-Industrial Locations
Total soil Cu, Pb, and Zn concentrations in the industrial locations were all considerably higher than the background values. Total soil Cu and Pb concentrations in the industrial locations were also significantly higher than those in the non-industrial locations. These results were consistent with a previous study on the concentrations of these metals in plant and soil samples in large forest reserves along an urban-rural gradient in the PRD [22] . The results of the previous and current study indicate that forest ecosystems in the urbanized areas of the PRD general suffer from Cu, Pb, and Zn contamination.
Because no heavy metal-containing fertilizers or agricultural or industrial wastes have been applied to these forests, the high concentrations of heavy metals in the soil may be largely attributed to atmospheric deposition [7, 8, 18] . Values for the annual atmospheric deposition of Zn, Pb, and Cu in the PRD, especially in the urbanized areas, are generally higher than those reported in North America (e.g., the Great Lakes) and Europe (e.g., the North Sea) [7] . A recent study showed that particulate matter with a diameter <2.5 μm (PM 2.5 ) in the PRD, especially in Foshan, contained >1. For the non-industrial locations, total soil Zn concentrations (121.9-344.4 mg/kg) were markedly higher than the background value for Guangdong Province (47.3 mg/kg) (Table 4) , a finding that agrees with previous reports [20, 22] . In another previous study, the rate of atmospheric deposition was found to be five to 111 times higher for Zn (3740-6440 ng/m 3 ) than for Cu (34-914 ng/m 3 ) or Pb (147-995 ng/m 3 ) in this area [8] . These findings suggest that the Zn concentration in soil was strongly influenced by atmospheric Zn deposition in the study area, although it is also possible that the background value of total soil Zn concentration in the PRD is higher than in the other areas of Guangdong Province; this possibility requires further examination. Total soil Ni and Cr concentrations in the industrial and non-industrial locations were all lower than or similar to background values, suggesting that soil Ni and Cr concentrations have been little influenced by exogenous sources in the studied remnant forests. Although the mean total Mn concentration in all soils was lower than the background value, both total and extractable soil Mn concentrations were significantly higher in the industrial than in the non-industrial locations (Table 4 and Figure 2 ), suggesting the possibility of Mn contamination of the soils in the industrial locations. This result was consistent with a previous study in which foliar Mn concentrations for 10 woody species were higher in an industrial location than in a non-industrial location in the study area [20] . Close relationships of soil Mn concentrations with soil Pb and Cu concentrations ( Figure 4 and Table 6 ) also suggest that soil has been contaminated with Mn in the study area, given that soil Pb and Cu concentrations appear to have been significantly influenced by exogenous sources.
Comparisons between Forest Types and among Soil Depths
Total soil Pb, Cu, and Mn concentrations and exchangeable soil Pb and Mn concentrations were all significantly higher in the natural forests than in the plantation forests. This result might be partly explained by the removal of these heavy metals by timber harvest or by the enhanced leaching of heavy metals after timber harvest [10, 32, 33] . The latter hypothesis is supported by the higher solubility of Cu, Mn, and Pb than of Zn, Ni, and Cr in the study area (Table 5 ) [22] . It is also possible that the canopy cover is more closed in the remnant natural forests than in the remnant plantation forests, and a closed canopy might reduce the deposition of atmospheric particulates, which would then reduce heavy metal deposition to the soil via throughfall and litterfall [34, 35] . The interactions of total soil Pb concentration and extractable soil Mn concentration between location type and forest type (Figure 2 ) suggest that remnant natural forests at the industrial locations faced the highest potential Pb and Mn contamination.
Assessments of heavy metal pollution of soil usually focus only on surface soils because researchers usually assume that exogenous heavy metals may mainly be retarded in the surface soils [13, 14, 36] . This assumption was supported by the significant decreases in soil Cu, Zn, Mn, and Pb concentrations with soil depth (Tables 3 and 4 ) and by the interactions of total and extractable soil Cu concentrations with location type and soil depth in the present study (Table 3 and Figure 3 ). Soil Zn and Mn concentrations significantly decreased with soil depth in the extractable forms but not in the total forms, suggesting that exchangeable forms of soil metals were more responsive to external inputs than the total forms [37, 38] . However, the accumulation of heavy metals in surface soils may also depend on other factors, such as soil binding capacity, solubility of heavy metals, and plant cycling [11, 39, 40] .
Implications for Soil Management
Our results from the PRD of China suggest that exogenous sources have resulted in significantly elevated levels of soil Zn in remnant forests at both industrial and non-industrial locations, and in significantly elevated levels of Pb, Cu, and Mn sources in remnant forests at industrial locations. In addition, all of the sampled soils were strongly acidic (pH H2O < 4.5), with <20% saturation of base cations [6] and a generally low availability of phosphorus [41] . Phosphate rocks are inexpensive and easy to obtain and may benefit forest growth by immobilizing harmful heavy metals [42] and aluminum [43] , alleviating soil acidity [44] , and supplying phosphorus and calcium [45] . Therefore, the application of phosphate rock with CaO and P 2 O 5 as the main constituents may be cost effective for the remnant forests in the PRD, especially in the industrial areas.
Conclusions
Our results demonstrate that remnant forest soils contain high total Zn concentrations at both industrial and non-industrial locations in the PRD and also contain high total Cu and Pb concentrations at industrial locations, suggesting the potential toxicity effects of Zn, Cu and Pb on vegetation in the remnant forests in the PRD. These patterns agree with previous studies of the levels and compositions of heavy metals in the atmospheric depositions in this region [7, 8, 18] . Total and/or extractable concentrations of Cu, Pb, and Mn in soils were significantly higher in the natural forests than in the plantation forests, suggesting that the risk of Cu, Pb, and Mn toxicity to vegetation is greater in the natural forests. Based on these results and previous studies, we recommend the application of phosphate rock to the soils in the remnant forests of the PRD.
